Abstract. The fluorescence excitation spectra of liquid benzene, toluene, p-xylene, mesitylene, 2-methylnaphthalene, 1,6-dimethylnaphthalene, naphthalene, fluorobenzene and fluoronaphthalene, and of cyclohexane solutions of the first six compounds, were observed in deoxygenated systems at wavelengths not less than 195 nm. The observed dependence of the relative fluorescence yield on excitation wavelength and concentration is analysed in terms of a model kinetic scheme involving the formation of higher excimer states D** from the higher excited molecular states X**. Data are obtained on the relative efficiencies of intemal conversion from X** and D** to the corresponding fluorescent states. The nature of the competing processes is discussed.
Introduction
There are two systems of n-electronic excited states in an aromatic molecule, the singlet states S,, S, . . . S, and the triplet states T,, T, . . . T,. The electronic absorption spectrum corresponds to the spin-allowed transitions from the ground singlet state So to the excited singlet states S, and their associated vibronic states. The resultant S, -+ So fluorescence competes with radiationless S, + T, -+ T, intersystem crossing, and possibly with radiationless S, -+ So internal conversion. The T, -+ So phosphorescence competes with radiationless TI -+ So intersystem crossing (Birks 1964) .
According to Vavilov's 'law', the fluorescence quantum yield QF is independent of the excitation wavelength A, . This 'law', which is restricted to A, > hc/I, where I is the photoionization energy, has been verified experimentally for many aromatic molecules in dilute solution (Weber and Teale 1958) . It shows the existence of rapid efficient S, -+ S, internal conversion from the initial excited state S, to the fluorescent state S,, the excess energy being dissipated thermally to the environment. Deviations from Vavilov's 'law' have been observed in a few molecules in solution, and these have been attributed either to photodissociation from S, or to S, + T, intersystem crossing competing with the s, + s, internal conversion (Hochstrasser 1959 , 1960 , Ferguson 1959 . The occurrence of S, +T, intersystem crossing, followed by T, + T, internal conversion, should increase the ratio QP/QF of the phosphorescence and fluorescence quantum yields, and such an increase has been reported in a few cases (Parker and Hatchard 1961, O'Dwyer et al. 1962) . Braun et al. (1963) have observed the variation of QF with A, for liquid benzene, toluene, p-xylene and mesitylene over the first three absorption bands corresponding to transitions from So to S,, S, and S,. I n regions of high molar extinction coefficient E they observed a decrease in OF, and they considered (i) photodissociation, (ii) S, -+ T, intersystem crossing and (iii) s, + So internal conversion, as possible explanations for the effect. The photochemical quantum yield QC appears too small to account for the observed decrease in QF; no increase in the triplet (T,) quantum yield, corresponding to S, + T, intersystem crossing and T, -+ T, internal conversion, was observed, and no plausible mechanism for S, -+ So internal conversion was suggested.
The present studies were undertaken to verify and extend those of Braun et al. (1963 
Experimental details

Materials
The compounds were obtained from the following sources : benzene (Spectrograde) and p-xylene (Spectrograde), Eastman-Kodak, Ltd. ; toluene (Analar), cyclohexane (Spectrosol) and n-hexane (I.P. specification), Hopkin and Williams, Ltd. ; mesitylene (puriss), fluorobenzene, 2-methylnaphthalene and 1,6-dimethylnaphthalene (puriss), Aldrich Chemical Co. ; naphthalene (scintillation grade), Nuclear Enterprises (G.B.) Ltd. ; fluoronaphthalene, Koch-Light Laboratories Ltd., further purified by Dr. B. Stevens.
The absorption spectra were measured and they agreed satisfactorily with those reported in the literature. The materials were used without further purification, other than fractional distillation and the displacement of dissolved oxygen by nitrogen bubbling.
-2. Fluorescence excitation spectrometry
The excitation source was a quartz-windowed deuterium lamp (Manufacturers' Supply Co., type DF 3), placed at the entrance slit of a grating monochromator (Bausch and Lomb, . The emergent beam irradiated the centre of the plane face of the specimen, which was contained in a cylindrical 'Spectrosil' cell, 25 mm diameter, 10 mm light path, mounted inside a light-tight box. The specimen fluorescence was viewed by a quartz-windowed E.M.I. 62558 photomultiplier, the output from which was connected to a d.c. amplifier (AVO electrometer type 1388B). The amplifier signal was fed to a chart recorder (Philips type PR 4096M/M), and the excitation spectra were scanned and recorded automatically. The relative fluorescence intensity FE was observed in transmission. A mask of black tape, somewhat larger than the cross section of the monochromator exit beam, was placed on the side of the specimen cell adjacent to the photomultiplier, to minimize effects due to stray light. The latter were estimated from observations on solutions, to which sufficient carbon tetrachloride had been added to quench the fluorescence completely, and appropriate corrections were made.
The relative quantum intensity IE of the monochromator exit beam was determined as a function of A, , using a 5 x M solution of rhodamine B in ethylene glycol as a 'quantum counter'. The spectral calibration was checked using a l o d 2 M solution of pyrene in cyclohexane and a l o p 2 M solution of 2,5-diphenyloxazole (PPO) in cyclohexane. T h e results in the three cases agreed within over the full range of A, , and this is considered to be the limit of probable error in the fluorescence excitation spectra.
The fluorescence excitation spectra were evaluated and expressed in terms of the parameter 8, where
(1)
where (FE)1, at a wavelength (AE)l into the first excited singlet state SI, where / 3 = 1.
ReJlectivity measurements
Equation (1) assumes that all the incident quantum intensity IE enters the specimen to excite the fluorescence intensity FE. I n practice the relative excitation quantum intensity is (1 -YE)IE, where YE is the specimen reflectivity. rE, which is determined by the complex refractive index of the specimen, depends on A, . The true value of j3, corrected for reflectivity losses, is given by Relative values of T, were observed as a function of A, . For these measurements the light reflected from the specimen cell impinged on a second Spectrosil cell containing an integrating solution of PPO in cyclohexane, the photomultiplier being relocated to view the fluorescence from the integrating solution. T o obtain absolute reflectivity values, the specimen cell was replaced by a similar cell with an aluminized external surface, and an upper limit for ( T , )~ at (A,), = 310 nm was obtained, by assuming unit reflectivity for aluminium.
Because the use of an integrating solution might introduce errors, the reflectivity measurements were repeated on the same specimen cells using another experimental arrangement. A quartz-windowed deuterium lamp (Manufacturers' Supply Co., type DF 6) was used with a Unicam SP500 monochromator. The monochromator exit beam was reflected from the specimen cell and detected directly by a quartz-windowed E.M.I. 6255B photomultiplier, placed at right angles to the incident beam and connected to a galvanometer (Scalamp, type 7901/S). The cell could be rotated relative to the incident beam, and replacement of the cell by an aluminized disk was used to evaluate (r&.
Under those conditions rE was observed to depend on the angle of incidence 8 of the excitation beam on the cell, although /3 was found to be independent of 8. The reflectivity was a maximum for 8 = 45", and the relative and absolute values of T, at 8 = 45" agreed satisfactorily with those determined by the previous method. In regions of high absorption, the values of r, were observed to decrease with the molar concentration [XI for all the compounds studied, including benzene. of naphthalene at 85 OC, 2-methylnaphthalene at 45 OC, and 1,6-dimethylnaphthalene, fluorobenzene and fluoronaphthalene at room temperature. The excitation spectra of cyclohexane solutions of 2-methylnaphthalene and 1,6-dimethyInaphthalene are plotted in figure 6.
Results
Figure 7 compares the fluorescence excitation spectra, uncorrected (/3) and corrected (Po) for reflectivity losses, of liquid p-xylene and 1,6-dimethylnaphthalene. The reflectivity corrections, which are relatively small even in the pure liquids, do not modify the general features of the excitation spectra.
The results may be summarized as follows:
(i) Liquids. T h e values of /3 tend to increase with molecular weight. /3 is less for benzene than for naphthalene, and it increases on alkyl or fluorine substitution in either compound. The values of /3 against hE for liquid benzene, toluene, p-xylene and mesitylene agree satisfactorily with those of Braun et al. (1963) . (ii) Solutions. The value of ,6 increases with decrease in molar concentration [XI for cyclohexane solutions of all the compounds, except benzene. A similar dependence of ,6
on p] was also observed on dilution with n-hexane or paraffin oil. T h e decrease of ,8 on dilution for benzene confirms the findings of Braun et al. (1963) .
(iii) Other compounds. Liquid diphenyl and 1-methylnaphthalene were also observed to exhibit values of /3 < 1, with (iv) Relation to absorption spectrum. I n all cases the general shape of the fluorescence excitation spectrum is related to that of the absorption spectrum, with ,6 tending to decrease whenever the molar extinction coefficient E increases. There is, however, no simple increasing towards unity on dilution in cyclohexane, T h e shape of the spectra, and in particular the ratio of the excimer and molecular fluorescence intensities (Aladekomo and Birks 1965) , were observed to be independent of A , .
4, Theory
The results will be discussed in terms of the excimer (= excited dimer, dissociated in the ground state) model kinetic scheme of table 1. X is an unexcited aromatic molecule. X* and D* are molecules and excimers in their lowest excited singlet (fluorescent) states, and X** and D** are molecules and excimers in higher excited singlet states, respectively. X' and 2X' are molecular entities which do not contribute to the normal fluorescence emission. X' may be molecules which are unexcited, photodissociated or in the lowest excited triplet state T,. 2X' may be pairs of molecules which are photoassociated, in the lowest excimer triplet or quintet states, or dissociated into two X' molecules. 
From (4) and (6) For liquid alkyl benzenes and naphthalenes and their concentrated solutions at room temperature or above, the 'high-temperature' condition is applicable , Aladekomo and Birks 1965 , Birks and King 1966 
Application of this condition to equations (4), (6) and (7) reduces them to
The total fluorescence quantum yield is For steady excitation at (A& into SI the corresponding equations (Birks et al. 1963) are From (12) and (14) (15) p = --@F -k X H + kDJKJH [X] (@F)1 + kJKJH [X] and from (1 1) and (1 3)
Equation (16), which has been confirmed experimentally, shows that the fluorescence spectrum is independent of A, , so that it is not necessary to correct the relative values of aF for the photomultiplier spectral response.
Analysis and discussion
Analysis
Equation (15) can be written in the form where Equation (17) has been used for analysis of the experimental results.
Alkyl benzenes and naphthalenes
The experimental values of l//3 at different values of X , are plotted as functions of [XI for solutions of toluene, p-xylene and 2-methylnaphthalene in figures 8, 9 and 10, respectively. These have been compared with (17) and the parameters obtained from (17)- (21) are listed in table 2. Similar plots are obtained for mesitylene and 1,6-dimethylnaphthalene, but the data on these compounds are too limited for numerical analysis. T h e major effect responsible for the values of l/j3 > 1 in concentrated solutions or liquids is the interaction of X** with unexcited molecules X to yield excited excimers D**, and it is described by the parameter B = (k,/K,)K,. The excimer states arise from configuration interaction between exciton resonance (ER) states, originating from the excited molecular states, and charge resonance (CR) states. I n benzene and its derivatives the energy sequence of the excimer states is similar to that of the excited molecular states from which they originate, but their energies are lower owing to the excimer interaction (Vala et al. 1966) . This would explain the observed broad correlations between the molecular absorption spectra and the dependence of 1/p on XE.
On this basis the broad bands in the l / p spectra of naphthalene, 2-methylnaphthalene and 1,6-dimethylnaphthalene, with peaks at about 270nm and 22Onm, are assigned to D** states arising from the molecular lL, and states, respectively. The dependence of (kJ/kH)KJH on X, for 2-methylnaphthalene (table 2) corresponds to the formation of a higher excimer state from the molecular IBb state, with a mean energy corresponding to a wavelength of about 220nm. In the alkyl benzenes the shoulders in the 1//3 spectra at 210-220 nm are assigned to excimer states originating from the IL, molecular states, and the further increases in l/,5' with decrease in XE are assigned to excimer states originating from the l B molecular states which lie at A, < 195 nm. The excimer molecular separation rm is determined by equilibrium between the gradient dV'/dr of the attractive excimer interaction potential Y', as a function of the interplanar separation Y of the two parallel molecules, and the gradient dR/dr of the intermolecular repulsive potential R (Birks 1967) . dY'/dr is greater for the higher excimer states originating from the IL, (S,) and lB(S,) molecular states than for those originating from the ' Lb (S,)
state, because of the higher transition moments associated with the former states. Hence the values of rm will be less for the D** states than for the lowest D* state, for which rm = 3.3 A in benzene (Vala et al. 1966, Birks and Conte 1968) . T h e close approach of the two molecules in the D** state will facilitate internal quenching and/or photochemical change, as described by the parameter kIJ (table 1) . This behaviour is confirmed by the low or zero values of kDj/kj (table 2) , which show the probability of D** + D* internal conversion to be small or zero. It is of interest to note that for 2-methylnaphthalene kDj/kj has a maximum at about A, = 220 nm, corresponding to the D** state considered to originate from the molecular lBb state. The finite value of kDJ/kJ for p-xylene at A, = 195 nm indicates that internal conversion to D* also occurs from the D** state, originating from the IB state, in this compound.
Benzene
The behaviour of benzene differs from the other compounds in that / 3 decreases on dilution. It is still consistent with equation (17) Benzene exhibits striking differences from its akyl derivatives. k,,/k, is smaller, decreasing with hE, indicating that internal quenching and/or photochemical dissociation of X** competes effectively with internal conversion to X*. On the other hand k,,/k, is larger, again decreasing with XE, showing that the internal conversion from D** to D* is more efficient. D** is less liable to quenching than X**, so that ,f? increases with [XI. I n the other compounds D** ismoreliable to quenching than X**, so that ,f? decreases with increase in [XI.
Dissipative processes
The proposed kinetic scheme (table 1) (iii) S, --f So fluorescence, as suggested by Birks (1954) , and observed in azulene and its derivatives, but not in other compounds.
(iv) Photodissociation. Studies of the photolysis and radiolysis of alkyl benzenes (Braun et al. , Klein et al. 1967 show that 0, is much too small to account for the magnitude of 1/,f?, and that QC increases with alkyl substitution, while 1/,f? decreases. It is concluded that the X** dissipative processes are physical (probably (i) and/or (ii)), rather than chemical, in nature.
The corresponding processes by which the D** excitation energy may be dissipated, other than by internal conversion or dissociation into X** and X, are as follows:
(v) Radiationless dissociation, which accounts for 80% of the internal quenching of the D* state in pyrene (Medinger and Wilkinson 1966) , and which is more probable for the higher D** states, where rm is reduced.
(vi) Intersystem crossing to the excimer triplet or quintet states.
(vii) D** +2S0 fluorescence, which has not been observed.
(viii) Photoassociation. Photoassociation occurs in the alkyl benzenes yielding biphenyl derivatives (Klein et al. 1967) , but with too small a yield to account for the magnitude of 1/,f?. It is concluded that the D** dissipative processes are physical (probably (v) and/or (vi)), rather than chemical, in nature.
The exciton surface quenching model
There is an alternative model which can explain certain features of the observed behaviour. The model was introduced by Birks (1952) to account for the decrease in the scintillation efficiency of aromatic crystals under excitation by short-range surface-incident ionizing particles. The model, which postulates exciton quenching at the surface, has been successfully applied to the photoconductivity excitation spectra (Lyons 1955, Eremenko and Medvedev, 1961) and to the photofluorescence excitation spectra (Eremenko and Medvedev 1961, Wright 1966 ) of aromatic crystals. Aromatic liquid solutions also exhibit a surface decrease in scintillation efficiency (Reynolds 1952) , suggesting that similar excitation quenching occurs at the surface of an aromatic liquid.
On the exciton surface quenching model the relative fluorescence (or scintillation)
yield ,f? should decrease from 1.0 towards a minimum value of 0.5 as the mean penetration depth d of the excitation decreases towards zero (Birks 1952 It is concluded that the exciton surface-quenching model is inadequate to account for the results, and the excimer kinetic model (table 1) is therefore preferred. Surfacequenching effects may, however, influence the observed fluorescence excitation spectra, and this would modify the values of the parameters (table 2) derived from the excimer kinetic model. Further studies have been made on systems containing fluorescent solutes and/or impurity quenchers, and it is hoped that the analysis of the results will enable the excimer kinetic and surface quenching effects to be differentiated.
